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PREFACE 


With the call for proposals and the initial publication of the 
ERTS (Landsat) design specifications, it became apparent to the Air 
Pollution Analysis Laboratory of the University of Wisconsin-Milwaufcee 
that such a satellite could have unique monitoring capabilities for 
detection of atmospheric aerosol plumes and the mesoscale meteorological 
regimes in which they are transported. Indeed the multispectral and high 
resolution images over the Great Lakes have fulfilled the promise. These 
images were also suitable for inclusion in a large-scale cloud climatology 
project over Lake Ontario conducted under the auspices of the International 
Field Year on the Great Lakes (IFYGL). These data are still being analyzed 
but ERTS imagery was successfully employed in "calibrating” lower reso- 
lution meteorological satellite data and comparing them ^-rLth surface based 
all-sky photographs. In total, all images over Lake Michigan (from launch 
through October 1974) and all Lake Ontario basin images during IFYGL 
(launch through June 1973) were examined. These data will be employed 
as valuable ancillary inputs to a nuni)er of Great Lakes mesometeorological 
studies for years to come. It is in the area of detection of air pollutants 
by satellites however that a coherent body of data has been formulated, 
and this forms the basis of this report. 
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IHTRODUGTION 


Since the launch of the first meteorological satellite, TIROS I, 
in 1960, the meteorological community has .been increasingly involved in 
the field loosely referred to as "Remote Sensing," The earliest vidicon 
images of the earth’s cloud systems yielded signatures of the structures 
and patterns of atmospheric motions. As image resolution gradually in- 
creased to its present 0.3 mile maximum for operational meteorological 
satellites, more and more detail about the . all—important meaoscale 
atmospheric processes could be discerned, 

Evenlrf.th the increased image resolution, meteorologists concerned 
with air quality control and monitoring of atmospheric pollutants took 
relatively little note of the potential of satellite monitoring, Various 
sensors and platforms have been employed for sensing pollution (see 
Colvocoresses [l])» These have included free floating balloons, tethered 
systems, kites and aircraft. It took the successful launching of NASA’s 
first Earth Resources Technology Satellite (ERTS-1)^ Tvith i.ts vastly 
increased resolution and multispectr al sensors before the meteorological 
community developed its current interest in the use of spacecraft as 
reliable pollution monitors. 

The above is not to say that spacecraft iaagery has not been 
applied to air quality problems, however. Numerous 70 ram photographs of 
smoke plumes were, returned from the manned Gemini, and Apollo earth 
orbital missions (Figure 1), These clearly demonstrated that smoke, plume 
detection from these altitudes was feasible given adequate sensor 

%Tbw designated Landsat— 1 


1 


resolution. The Nimbus IV satellite made a number of relevant obser- 
vations. A massive turbidity "cloud" associated with Sahara dust storms 
was observed drifting westward over the tropical Atlantic for a five-day 
period in April, 197U. As ash plume over 300 km long was found emanating 
from the erupting Beerenbarg Volcano on Jan Mayen Island (September,1970) . 
Massive clouds of smoke associated with southern California brush fires 
and agricultural burning on Yucatan Peninsula have been noted by several 
satellites . 

McClellan [2] was among the first researchers to attempt the use of 
digital data from the Applications Technology Satellite (ATS-III) to study 
urban scale atmospheric pollution. Analysis of radiance values over the Los 
Angeles basin, after comparison with other target areas, suggested that 
some correlation did exist between radiance values and atmospheric aerosol 
loading (as indicated by visibility reports) . The comparatively low reso- 
lution (2.8 km) and difficulties in geometric navigation have frustrated 
attempts at using these data for anything but the most qualitative use. 



Figure 1. - 70mm photograph taken during Gemini manned orbital mission 
showing smoke plumes along a shoreline. 
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Figure 2. - Landsat-l image, band 5 (0.6-0. 7 micrometers), 1 October 1972, 
showing smoke plumes from steel mills drifting over Lake 
Michigan. 

The two great advantages of Landsat are its extremely high reso- 
lution and a multispectral imaging capability. The original specifications 
for the multispectral scanner (MSS) called for 100-200 m resolution. 

Initial results have shown some high contrast targets as small as 50 m. 
Highways, airport runways, small ponds, jet contrails, harbor breakwaters, 
etc., are routinely visi.ble. The four spectral bands are (1) MSS-4, 

0.5-0.6 ^m ("green" band); (2) MSS-5, 0.6-0.7/^m ("red" band); (3) MSS-6, 
0.7-0.8^m; and (4) MSS-7, 0.8-l.l)Ulm ("near infrared" band), Landsat 
products are available in several formats including digital tapes, 9^2 by 
9^2 inch black and white and color prints and transparencies, and most 
routinely, 70mm negative and positive transparencies (^Tj , 

Because the four spectral bands are viewed simultaneously in apace 
and time, it is possible to use color-additive viewing techniques to 
produce color-coded results. Combining MSS bands 4, 5, and 7 results in 
a false-color infrared image. The red color associated with foliated 
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vegetation makes this color analysis a valuable diagnostic tool in agri- 
culture, forestry, and land-use studies, but for the meteorologist the 
Landsat multispectral imaging techniques are most useful in penetrating 
thick haze, revealing cloud shadows, delineating snow cover from vegetation, 
and demarcating land/water boundaries. 

The author has followed the lead of Pease and Bowden [bl in using 
Kodak 35mm Ektachrome Color Infrared (CI^ film for environmental moni- 
toring. The greatest success has been found using a 160 ASA, and SO B, 
Wratten 12, and polarizing filters. Numerous CIR pictures of ground targets 
and smoke plumes have been made from the University of Wis cons in-Milwaukee 
(IBM) instrumented aircraft coincident with Landsat overflights. 

The various design characteristics of Landsat prompted the UVM Air 
Pollution Analysis Laboratory to submit a proposal to study Landsat-1 
data. It was hoped that a satellite with these characteristics would be 
capable of detecting major plumes of suspended particulates, making 
possible synoptic studies of interregional pollution transport over the 
southern Lake Michigan basin, 

DETECTION OF SMOKE PLUMES BY LANDSAT 

The heart of the Chicago-Cary industrial complex stretches from 
the southeastern part of the city of Chicago easttfards along the shore- 
line of Lake and Porter Counties, Indiana, to east of Gary. Figure 4 is 
an aerial view of a part of this region taken from an NGAR Queen Air at 
6000 feet AGL on the morning of 15 July 1968 when brisk southwesterly 
flow was advecting nxmerous smoke plumes over the lake, 

A total of 16 major particulate sources have been located in the 
study area. The size of some of these sources is truly remarkable. 
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Source 3, a cement plant, discharges over 140,000 tons/year of particu- 
lates. In comparison, all of Milwaukee County, Wisconsin, a relatively 
industrialized area, had a 1970 suspended particulate emission of only 
approximately 45,000 tons/year. 



Figure 3. - (inset). Synoptic conditions, 1000 LST, 1 October 1972. One 
wind barb equals 5 kts. Peoria, Illinois, radiosonde taken 
0600 LST shown. 

Figure 4. - Photograph, looking north, of a portion of the Chicago-Gary 
industrial complex, 0700 LST, 15 June 1968, from NCAR Queen 
Air, at 6000 feet MSL. 


During the morning of 1 October 1972, brisk southwest surface flow 
covered the southern Lake Michigan basin area (Figure 3), A bank of 
altocumulus clouds was present to the north and east of l±e Chicago 
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region and was moving rapidly northeastwards. A. strong nocturnal radiation 
inversion had been present at 060Q C3T according to the Peoria, Illinois 
(P31A) sounding (Figure 3) , Pigure 2 is a portion of the Landsat images 
taken at approximately 1003 1ST. A number of particulate plumes can be 
seen streaming northeasttvrard, disappearing beneath the altocumulus cloud 
deck at a distance of about 60 km. 

It should be noted that due to the various degradations involved 
both in making the photographic print and in publication, the plumes do 
not appear as clearly as they do in the original 70 mm negative. Th.e 
prints were also photographically dodged to maximize details over both 
land and water. 

The plumes visible in this image, for the most part, are not from 
single stacks , hut from entire steel mill complexes . The total spread of 
the visible plume at 60 km dormwind is about 4.5 km. Measurements of 
plume spread can be converted into useful information regarding overifrater 
mesoscale diffusion of pollutants. The visible plume may be correlated 
to a parameter such as the point where concentration drop off to 10% of 
the centerline value, or 2.15 oy, in the parlance of Basquill and Gifford, 
If that were the case, then this plume would appear to have a diffusion 
rate characteristic of Class E (rather stable atmosphere) in the empirical 
classification of atmospheric stabilities used in Gaussian plume diffusion 
calculations , Work is currently underway to subject transparencies of 
these and other plume images tO: micro densitometric analysis. This would 
yield profiles, of optical density (presumably related to particulate 
loading) as a function of distance, from which estimates of diffusion 
, rates could be made. These are valuable data sets inasmuch as little 
data for the ovart^ater spread of plumes from large point sources (such 


as power plants) is available, Brooldiaven Hational Laboratory has for 
the past several years attempted to jnalte. actual measurements over the 
waters around Long Island. The formidable operational difficulties have 
made data collection expensive and tedious^ Use of Landsat data could be 
a valuable adjunct to these programs. 

An important consideration is the choice of the appropriate Landsat 
spectral hand to provide optimum discrimination of a particulate plume 
against the underlying surface, in this case water. The plume will be 
most visible on the photograph when the difference between the optical 
density of the plume image and the optical density of the lake-'surface 
image is greatest. Plume visibility over a water surface will thus be 
enhanced hy; (1) decrease in the spectral albedo of the lake surface, 

C2) increase in overall image contrast, and C3) increase in the amount 
of radiation scattered and/or reflected -vertically upwards from the solar 
beam by the plume. In the case of a plume advecting over a surface of 
very high spectral albedo, a fourth factor would have to be considered; 
the extent to which a plume attenuates solar radiation reflected vertically 
upwards from the surface, a factor dependent on the geometry of scattering 
and absorption of radiation by the plume. 

The first of these major considerations, the spectral albedo of the 
lake surface, shows a marked variation by wavelength. Direct reflection 
of solar radiation from the lake surface makes a relatively minor contri- 
bution to the variation of lake spectral albedo in the four Landsat bands. 
Reflection vertically upwards from the lake surface is small (approximately 
2%) and for a solar elevation angle of 40® shoigs only sli.ght wavelength 
dependence with very slightly higher values in the lower wavelengths of 
the visual spectrum. 
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Far more important in influencing th,e spectral albedo of -the lake 
is the wavelength, dependence of solar radiation absorption within the 
lake Itself, lha lender the spectral absorption coefficient within the 
lake for any wavelength, the greater is the penetration of, incident solar 
radiation into the lake and the greater is the likelihood of backscattering 
upward by water molecules and hydrosols, i.e., Rayleigh and Mie scattering, 
respectively. For distilled water, maximum transmissivity occurs at 0.46 JUm, 
and absorption increases rapidly with increasing wavelength, resulting in 
a darker lake image. As an example, the mean absorption coefficient for 
pure water in Landsat band 4 is approximately six times less than the 
coefficient for band 5, and the lake thus should appear brighter. In" 
creased amounts of suspended and dissolved matter shift the wavelength of 
minimum absorption and maximum lake albedo to longer wavelengths. Sea 
water ( and lake water?) tj^ically has minlmiim absorption near 0.55^m, 
which is the center of Landsat band 4«, 

An additional consequence of the greater transparency of water in 
the blue and green portion of the spectrum occurs in the case of shallow 
water, where reflection from the lake bottom may further increase values 
of surface lake albedo and limit the abili.ty to detect pollution plumes 
near shore , 

The net result is that the lake generaJ.ly appears brightest in 
band 4 and nearly jet black in band 7. An exposition of the spectral 
dependence of backscattering from suspended particulates becomes even 
more complex, A complete discussion of the topic is presented by Lyons 
and Pease [T| , Various theoretical arguments suggest that the highest 
inherent brightness of smoke plumes would probably be in the ”red” 
portion of the visible spectrum. 
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Figura 5a ahjows a larga coal-burning power plant located on the 
southern shore of Lake Erie near Loraine, Ohio. Most of the particulate 
matter emanates from a single stack. In this view, the plume is drifting 
northeast over the lake (with patches of fog forming over the cold lalte 
surface) . This picture was taken from about 32,000 feet using 35mm CIR 
film. A Landsat-1 band 5 image of ths same plant taken on 4 September 
19.73 shows the plume remarkably well. This Landsat image was specially 
processed by projecting the 70ram positive transparency onto a Kodalith 
negative from which the print was made. This greatly increases the con- 
trast, and though there is a severe loss of ground target resolution, the 
smoke plume is greatly enhanced, A pall of smoke from sources in Cleveland 
is also visible, as is the considerable turbidity in the lake water. The 
power plant plume is visible in the original for over 15 km dcumwind. 

The examples discussed so far have all been for plmnes from major 
point sources traveling over water. It has been found that it is far 
more difficult to detect plumes over land. Copeland, et al, have had 
some success, hut these were for unusually dense smoke plumes. The 
generally higher albedo of the land surface generally reduces inherent 
contrast betoeen the smoke and the underlying surface. The mottled and 
uneven nature of the terrain further complicates the matter. Smoke from 
brush and forest fires has been detected occasionally, sometimes made 
easier by the large areas of blackened earth left behind according to 
Wightman [93 . 

To illustrate the contrast betoeen oyer water and over land plume 
detection, refer to Figure 6. In Figure 6a, we see the same Gary, Indiana, 
industrial complex, this, time taken from 33,000 feet using 35inm CIR film 
at 0950 LST, 7 March 1974. Extremely stable northeasterly flow off cold 
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Figure 6(a) - View looking east, at 33,000 feet, of Gary, Indiana plumes, 
using CIR film, 0950 /-ST, 1 March l97/^. Plume 1 is conden- 
sation from large coo]jiig tower; plume 2 is smoke from 
steel mill. 

(b) - Lands at-1 image, band !>, taken at 1003 LST, 7 March 1974, 
of same area. 
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Lake J![i.cliig an Tiad t trapped theAe. $le;yate,d plupi&si and they w&re trayelijag 
on inland xdthout undergoing atgnif leant jnixing. Figure 6h is an enhanced 
Landsat-1 hand 5 djnage taken at 'Virtually the same; time. Several plvunes 
are visible. The short, very white plumes labeled 1 are clouds of con- 
densate from large cooling towers which are evaporating only a short 
distance from their sources. The smoke plume labeled 2 is from the steel 
mill complex in downtown Gary. It can only be tracked for about 10 km 

f 

over land before becoming invisible. Thus, while smoke and condensate 
plumes are visible over land, they must be unusually large and dense. In 
any case, their detectability is far leas than an equivalent plume over 
a water surface. 

MACiaKE PROCESSING OF LANDSAT DATA 

The mere visual inspection of Landsat images can be moat helpful 
in gaining insight into thei behavior of air pollutants, but even more 
advanced methods are being developed to treat such data. The Robotics 
and Artificial Intelligence Laboratory (RAIL) of the University of 
Wisconsin-Milwaukee has established both hardware and softoare capability 
for automatic image interpretation using Landsat digital tapes. Pattern 
recognition is a pox'^erful statistical approach to classification of 
image features, especially those obtained by multispectral sensors. 
Identification of crop types using Landsat digital data processed entirely 
by computer often exceeds 80% accuracy. 

As a test of the RAIL ayntem, a small portion of the image sUo’i’m 
in Figure 2 was processed using cluster analysis techniques developed by 
Eigen and Northouse {lO^ . A section of the image which shox7ed an indus- 
■trial landfill peninsula (with several steel mills) and two major smoke 
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pliimes. ■viras ciloaen, All four !L^ds.at band§i .were .available in digital tape 
format. Processing \-raa accomplished on a MOOCQlip 11/25 computer with line 
printer output. After several runs experimenting with the best clusters, 
a final version was selected (Figure 7) . Here all land features (roads, 
corn fields, etc.) were suppressed, accounting for the blank spaces. Water 
with, its distinct spectral characteris.tics was easily isolated from other 
features, and was printed everywhere as -wr-. The smoke from the sources 
(steel mills and a cement plant to the east) also were found to have rather 
homogeneous spectral signatures. These are indicated in Figure 7 by a © 
and are clearly delineated. This technique has also been used to" auto- 
matically distinguish clean from "polluted*^ water in and around Milwaukee 
harbor. 

Computer image processing has other capabilities besides simply 
making an automatic classification of the nature of the scenes in each 
pixel of a Landsat image C,6Qx8Qm) . For instance, since radiance values 
are the raw material of the tape data, (^gital density slicing can be 
accomplished easily, and with color CRT output, graphic displays can be 
obtained. The next step is using the system as a digital microdensito^. 
meter combined with pattern recognition algorithms to automatically 
detect "smoke" and make estimates of total particulate loading in the 
atmosphere below the satellite. For this, "ground truth^’ is necessary, 
and a Cessna 182 aircraft has been instrumented for this purpose. It 
has both total aerosol mass monitors and 2 channel particle counters 
recorded in digital format on magnetic tape) . It is hoped to obtain 
a complete profile of the Cary plumes simultaneously with a Landsat 
overflight so that image radiance values could he calibrated and yield 
soma measure of total aerosol mass loading. 
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Figure 7. - Computer processed Landsat-1 digital data, small segment of 
frame shovjn in Figure 2, Hater of latu is indicated by (-) , 
all land signatures are suppressed (and therefore blank), 
and smoke is denoted by (©) . Note man-made peninsula and 
breakwater protruding into lake. 
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IKTEESEGIONAL POLLUTION TMSPORT 

The Federal Clean Air Act of 1967 (amended 1970) divided the 
United States into Air Quality Control Regions CAQGPv) . The boundaries 
of these regions ideally were chosen to delineate independent, self- 
contained "air sheds" where air quality' levels were determined by 
emissions from sources within that, region. The actual boundaries 
selected were often compromises betoeen meteorological and political 
realities. An AQCR’s final compliance with national Air Quality Standards 
is ultimately dependent upon the successful formulation and implementation 
by regional authorities of the necessary emission control strategy for' 
sources within that region. In reality, however, two adjacent AQCR*s 
might occasionally find themselves breathing eadi other effluents due 
to long-range interregional transport of pollutants. A case in point is 
the Southeast Wisconsin AQCR Ctha seven counties of southeastern Wisconsin, 
including metropolitan Milwau'fcee) and the Chicago Interstate AQCR (north- 
east Illinois and the too northwestarnmost counties of Indiana) . 3ui the 
latter, there exist idle numerous extremely large point sources mentioned 
above. The evidence has gradually been, accumulating that these sources 
are indeed more than just local problems. 

In August 1967, the author participated in the flight of an air- 
craft from the National Center for Atmospheric Research Instrumented to 
monitor ice nuclei. The object of the study was the dispersion of anthro- 
pogenic ice nuclei emanating from the Chicago-Gary steel mill complex. 
Under conditions of brisk southwesterly flow over southern Lake Michigani 
with a rather strong synoptic-scale subsidence Inversion around 1300 m, 
a clearly defined plume of ice nuclei was easily tracked to the vicinity 
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Battle CreelCj Michigan ( some 180 km doiijnwind) . On several summer days 
with s6uth“Southeas terly flow over the lake, elevated layers of red iron- 
oxide smoke have been seen drifting past Milwaukee jjQ* Again, the most 
likely origin of this smoke was the mills, at the southern end of the lake — 
almost 165 km away. 

The effect of the much larger Chicago Interstate AQGR upon Milwaukee 
is probably significant, but most difficult to ascertain qualitatively. It 
has bean estimated that approximately 10% of the suspended particulates 
measured in the Mlwaukee area originate in and around Chicago. Frequently 
in Milwaukee, several hours after the surface winds shift to the south or 
southeast, there is a rapid increase in haze and smoke, presumably the 
influence of interregional transport from the Chicago area. Certainly in 
any megalopolis, such as found along the East and West coasts, adjacent 
AQGR*s could indeed be exchanging pollutants on a regular basis. 

In the emerging Great Lakes megalopolis, which shows signs of ex- 
tending from Green Bay, Wisconsin, to Buffalo, New York, in the not— too— 
distant future, the peculiar meteorological effects of the Great Lakes 
often exacerbate this interregional transport. Wian continental air 
masses advect across the relatively warm lakes in Xifinter, any plume 
moving over a Great Lake t<rlll be rapidly dispersed. Turbulence generated 
by the convection rising from the surface can be extreme, sometimes to 
the point of generating a myriad of miniature waterspouts or "steam 
devils." Thus, if plumes from northern Indiana are to pass over Lake 
Michigan into southwestern Michigan or Wisconsin, they probably arrive 
diluted to a great degree. From early spring through late summer quite 
the opposite situation prevails j air temperatures frequently exceed those 
of the lake by 10, 20, and sometimes 30°G. Extremely intense, though 
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shallow (100 to 200 jn) , surface conduction inversions form over the lake 
(Lyons Luj). Air streams advecting over cold lakes not only are rapidly 
cooled in their lowest layers but, due to the absence of upward convective 
heat transport, do not warm and destabilize in the overlying layers as 
occurs over land during the day. The almost total lack of cumulus clouds 
over the Great Lakes on summer afternoons is one manifestation of this. 

A plume from a large elevated point source such as a steel mill or power 
plant may travel for long distances over water with relatively little 
dilution and arrive above a doTOwind shoreline in still very high concen- 
trations. If such a plume arrives on a downwind shore during mid-day, and 
solar radiation is sufficiently intense, the plume is then rapidly mixed 
to the surface by the turbulence forming over the heated ground in a 
process called fumigation. This causes high pollution levels several 
kilometers inland, the origin of which cou].d be quite baffling to local 
control officials (Lyons, Keen, and Northouse 02]). 



Figure 8. - Landsat-I, band 5, image of Chicago, Gary and southern Lak« 

Michigan, 1003 LST, 14 October 1973. Smoke plumes advect across 
relatively cold lake showing little diffusion, only to fumigate 
on downwind shoreline near Benton Harbor, Michigan. 
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Figure 2 clearly suggests that plumes can travel for great dis- 
tances over water during the ”warm season” with relatively little 
dilution i±n this case some 60 km) . Figure 8 is an even more convincing 
example, a Landsat hand 5 image acquired at 1003 LST,. 14 October 1973. 

On this day, skies were clear, the overlying air mass was warmer than 
the lake water, and brisk southwesterly flow advected the Gary plumes 
into southwestern lower Michigan, almost 100 km away. The almost total 
lack of penetrative convection over the cold, smooth lake surface allowed 
the plumes to arrive near Benton Harbor, Michigan in still high concen- 
trations. It is almost a certainty that these plumes were fumigated to 
the surface beginning about five kilometers inland. This effect, which 
could have continued for most of the day, would undoubtedly have caused 
considerable consternation to any local control officials who might have 
been monitoring in that region. 

Landsat has also been useful in studying the interregional trans- 
port of photochemical pollutants from the Chicago-Gary complex northwards 
into southeastern Wisconsin, These invisible gases cannot be detected 
by the Landsat sensors. The extremely high resolution images have shown, 
however, the details of cloud structures associated with lake breeae 
fronts. This information in turn assists in the formulation of models 
of the complex local wind fields in the area which apparently results in 
the advection of massive amounts of ozone and other materials along the 
western Lake Michigan shorelide (Lyons and Cole |l^). 

The problem that is raised by these discoveries is a legal 
and political, as well as meteorological one. Simply stated, if one. 

AQCR fails to meet the prescribed Federal Air Quality Standards, will it 
be penalized due to the "sins, of emission" of an adjacent one? Should 
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one AC^iCR be forced to have .stricter elean--up regulations simply because 
another up-wind has numerous sources? 

It should be reiterated that, sensors of the type employed by the 
Landsat system cannot he used to detect gaseous pollutants. However, 
some indirect information can be gathered. By using color infrared 
capability to detect changes in vegetation characteristics, severe forest 
damage in Ontario has been used by Murth {J-4) as a bioindicator of sulfur 
dioxide dispersion from major point s.ources. . 

SYNOPTIC SCALE POLLUTION EPISODES 

Up until this point we have been discussing the use of Landsat 
data in the detection and measurement of pollution on the mesoscale 
(less than 100 km); however, it is possible for entire synoptic scale 
air masses to become polluted. This generally occurs when a high pressure 
system stagnates over , a several state region for a period of several days 
to over a week. The combination of light winds and reduced mixing depths 
due to the overlying subsidence inversion allows suspended particulates 
(and other pollutants) from thousands of sources to commingle and steadily 
increases the pollution levels over a wide area. Such a large scale 
weather phenomena usually results in the issuance of an Air Stagnation 
Advisory by the National Weather Service. Conditions such as these 
respited in the 1966 New York City Thanfcsg±'’'ing Day episode when over 
40Q excess deaths were recorded due to the build-up of SO 2 and particulates 
in the atmosphere over a wide region. 

During early September 1973, a late season heat wave associated 
with stagnant anticyclonic conditions over the eastern U.S. prompted the 
issuance of numerous Air Staguation Advisories, Landsat-^l provided a 
graphic illustration of the extent to Which entire air masses may become 
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Lake Ontario 


i3 March, 73 


polluted. Figure 9a shows a typical view of eastern Lake Ontario during 
a time when relatively unpolluted cP air covered the region. Figure 9b 


is the identical region, on a day vi*,i "inly a few clouds scattered through 


r mass was so filled with particu 


late matter that image contrast was reduced to the point where the lake' 
shore was barely visible. Both views were in band 4 (0.5-0.6/tm) 
which accentuates the scattering effects of both molecules and larger 


aerosols. If problems associated with varying turbidity levels of water 


selected water (and perhaps ground) targets from image to image shows 


promise in making satellite estimates of total suspended aerosol burden 
on a large scale (Griggs jl^ ) . 


Landsat-1 image, band 4, 0945 LST, 23 March 1973, of eastern 
Lake Ontario and the Finger Lakes, on a cloud-free day with 
low atmospheric turbidity. Snow cover is spotty through 
the region. Rochester, New York indicated by ROC. 


Identical geographical area, band 4, 0945 LST, 1 September 
1974, on a cloud-free day but with a highly polluted atmos- 
phere associated with a synoptic scale air stagnation episode 
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One of the sources for the aerosols seen by Landsat-1 on 1 
September 1974 was most likely the complex: of coal-fired power plants 
which have proliferated in Ohio and West Virginia near the strip mines 
which provide their fuel (Figure 10) . The generally southwest winds on 
these days caused these plumes (along with others from Pittsburgh, etc.) 
to merge into one massive smoke dome which gradually covered New York 
State, Lake Ontario, and southern Ontario. This last fact illustrates 
that significant pollution exchange also occurs across international 
boundaries . 



Figure 10. - Just one of many coal-burning power plants in southeastern 
Ohio and West Virginia which contribute to the general 
turbidity of the atmosphere during frequent air stagnations 
in the Appalachian region. 
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OBSERVATIONS OF INADVERTENT WEATHER MODIFICATION 


Man*s inadvertent modification on the earth’s climate and weather 
has recently become a much studied topic in the meteorological community. 

As summarised by the 1970 Presidential Council on Environmental Quality, 
there exists a wide spectrum of potential mechanisms. Proper assessment 
of the many theories, however, must await the collection of a considerable 
body of appropriate climatological data and the development of reliable 
numerical models of global climate. More amenable to immediate study 
are local climatic variations and the specific weather alterations from 
which they arise. In the area of man-made influences on cloud and precipi- 
tation processes, however, speculation seems still to outstrip proven fact.. 
The La Porte, Indiana precipitation anomaly is a case in point. The 
existence of the La Porte anomaly as a physical reality, rather than an 
example of spurious data, has not at all been universally accepted. Some 
doubt even the existence of the La Porte anomaly- In any case it is still 
an effect searching for a cause. The same can be said for apparent pre- 
cipitation increases doxra-wind of numerous large urban areas, extimated 
as high as 27% of the summer season rainfall. The list of possible causes 
includes; (1) anthropogenic sources of ice and condensation nuclei from 
industrial and perhaps automotive sources, (2) inputs of sensible heat 
from urban sources, (3) inputs of moisture from certain industrial acti- 
vities, and (4) changes in boundary layer wind flows due to variations 

2 

in surface thermal and roughness characteristics. Project METROMEK is 
currently trying to assess the magnitude and Isolate the cause(s) of 
urban-induced weather changes in the St. Louis, Missouri area. 

^See "Project METROMEX; A Review of Results," Bulletin of the 
American Meteorological Society, 55, February 1974, pp. 86-121, 
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Figure 11. - Apollo manned orbital flight photograph of east coast, from 
Virginia to Ne\-r York, during period of cold westerly flow 
over relatively warm ocean. The expected cumulus clouds 
form, but the two hands of clouds forming closer to land 
dowindLnd of major industrial centers. 

The La Porte and St. Louis studies have one feature in common. 

Proof of any effect will be obtained as a result of sophisticated sta- 
tistical tests on vast amounts of climatic data correlated with numerous 
case studies involving extensive physical measurements. It is a rela- 
tively rare event when the atmosphere is actually "caught in the act" of 
responding to man's activities. Some exceptions can be noted, such as 
cirrus contrails spreading over a sky, cooling ponds and towers producing 
localized fogs, clouds, i'nd light rain or snow, and valleys filled with 
fog from industrial sources of moisture and nuclei. Small areas of light 
snow resulting from po’jer plant and factory effluents entering supercooled 
fogs are sometimes noted. However, any observations of direct cause-effect 
relationships between man's activities and atmospheric processes are usually 
fortuitous. Without data gathering systems designed to detect specific 
incidences of inadvertent weather modifications, this ’'catch-as-catch-can" 


situation will continue. 


Soma photography obtained by mannad orbital missions occasionally 
saw evidence of inadvertent weather modification, figure 11 shows the 
east coast of the TJ,S. during a period of cold westerly flow over the 
wa3cmer ocean. Cumulus formed, as expected, over the water, ^-/hat is un- 
usual is the tiiTO cumulus lines which begin considerably closer to the 
shore and do\<mwind of the Baltimore and eastern Virginia industrial com- 
plexes. Landsat, while actually developed for studies of land usage, 
water quality, agriculture and the like, thus has the capability of making 
observations of sufficiently high resolution to detect many instances- of 
inadvertent weather modification. 

Landsat-1 took a remarkable series of images over Lake Michigan at 
10Q3 CST, 24 November 1972, which apparently show modification of 1,5 kra 
wide cumulus cloud streets by the effluents of the industries at the 
southern end of the lake (^Figure 12) . On this day, the Lake Michigan 
region was under the influence of southwest flow about a cold high pressure 
cell centered in Kentucky (Figure 12) , Minimum temperatures west and 
south of the lake during the prior night ranged from 20F to 29F, A few 
scattered ship water temperature reports indicated that the lake surface 
had cooled to about 39-45F. Thus, the presence of cumulus over the 
relatively warm lake is as expected. 

A pilot report over the western Michigan shoreline at the time of 
the Landsat image noted cloud tops of 27Q0 feet AGL, mth clear skies 
above. The vertical extent of the clouds was apparently limited by the 
strong synoptic-scale inversion (Figure 13) , 

A closer Inspection of Figure 12 reveals numerous interesting 
phenomena, the most important of which is the apparent alteration of the 
cumulus clouds along the axis of the major pollution plumes. The general 
cloud cover was largely restricted to the southern portion of the lake, 
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perhaps a reflection of somewhat warmer water temperatures there. Exper- 
ience and theoretical indications suggest that the optimum contrast between 
smoke and underlying water should occur around 0.65^m, that is, within 
band 5 (Lyons and Pease ) . In this case, however, the turbidity of 
the water was so considerable that MSS-band 6 (0.7-0.8^(m) aciiieved 
slightly better plume/water contrast. 



Figure 12. - Landsat-1 image, band 6 (0.7-Q.8 micrometers), over southern 
Lake Michigan, 1003 LST, 24 November 1972. Image photo- 
graphically enhanced. Only a very light snow cover actually 
was present. Midway Airport (>IDW) shows clear skies, 31 
degrees, and southwest winds. Four major particulate plumes 
emanate from shoreline sources. Cumulus clouds form over 
relatively warm lake, and those arising out of smoke plumes 
begin forming closer to shore and become larger and brighter. 
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Figure 13. - Synoptic situation, 0900 LST, 24 November 1974, Inset shows 
Chicago radiosonde ascent at 0600 LST, with strong inversion 
present in lowest 4000 feet. 


In Figure 12 it is quite clear (especially in the original 70mm 
transparencies) that four clusters of industries form large combined plumes 
that advect northeastwards over the lake while diffusing. The folicn'/ing 
behavior was noted along these plume axes; (1) the clouds began forming 
closer to the shore, the first fragments appearing within 15 km of the 
plume sources, and (2) the individual cloud elements forming the lines 
were larger and had higher ref lectivities (and thus presumably were thicker). 
No particular enhancement of the cloud streets is noted within plume 4. 

This plume, however, is from an isolated steel mill complex which has very 
well-controlled pai ticulate emissions and is smaller than those to tlie 
west. See Lyons [l6) for additional details. 
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The Landsat observation showed that the cumulus cloud lines forjnlng 
within the pollutant plumes began somewhat closer to the shore and were 
better developed than those presumably’ not affected by significant indus- 
trial effluent. Exactly ’sdiat caused this- Behavior, however, is not 
discernable from a Landsat picture. Heat, moisture, ice nuclei, and 
cloud condensation nuclei are all candidates. Isolating the specific 
cause(s) awaits further study. The simple fact is that a mere image is 
not adequate to determine what has caused the effect. In situ measurements 
of nuclei concentrations and cloud microphysical parameters in conjunction 
with such satellite imagery would provide a powerful research tool. 

LTiat is exciting about the Landsat image is the fact that something 
indeed has been clearly related to industrial activity. A continued 
inspection of Landsat images in the vicinity of Chicago (and also Cleve- 
land, Buffalo, etc.) could very ^^ell prove extremely enlightening. 

If down^jind cloud modification from industrial activity does indeed 
occur frequently, it would appear that any future attempts at management 
of Great Lakes water levels hy operational cloud seeding might run into 
some very "interesting," or rather challenging, problems of verifying 
seeding effectiveness. 

An extensive radar-echo climatology for the southern basin of Lake 
Michigan during three summer seasons revealed slightly greater frequencies 
of thunderstorm-related precipitation over the lake northeast of Gary than 
in other quadrants, ^feat is rather startling about this finding is that 
the project set about to prove, that lower echo frequencies should exist 
due to the well-documented suppressive effects of the lake on certain 
warm season convective rain systems, This tantalizing shred of evidence 
suggests that perhaps these same plumes act. also as effective enhancers 
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of 'Warm aeason. precipitation systems to the extent that the lake effects 
are more than cancelled out. The. ”La Sorte Anomaly'^ could conceivably be 
part of a much larger area of urban precipitation enhancement northeast of 
Chicago—Gary 'which, is unrecognized at this time due to lack of precipitation 
data oyar the lake itself. 

Lyons and Olsson [l3 reported occasionally seeing what appear to 
be lines of cumulus clouds grov/ing out of the steel mill and power plant 
plumes around Chicago during periods of onshore flow in summertime. 

IFigure 14 confirms these observations. The Landsat— 1 band 6 image taken 
1003 LSTj 16 July 1973, shows cumulus around the southern basin of the 
lake. There was a light northeasterly flow present during the day along 
the southern and western shores. Cumulus appeared in a random manner 
after about 20 km of overland fetch - except do^TOwind of several major 
steel mills and industries in Gary and Chicago where there were definite 
lines (arrows). VJliat relationship these cloud lines might have, if any, 
to the urban enhancement of precipitation cannot yet be ascertained, but 
another effect upon convective clouds by industrial processes is clearly 
shown. 

An additional effect of man’s use of energy upon the environment 
has been reported by Lyons and Pease [if] , Man-made cirrus (ice crystal 
clouds) produced by the condensation trails (contrails) of high-flying 
jet aircraft are being considered as a potential modifying factor on both 
local and global climates. Under certain conditions of moisture, these 
artificial clouds may di.ffuse oyer much of the sky in thin films at heights 
above 20,000 feet. Denver has reported a signifi.cant increase in high 
cloudiness since 1958, when comraerciai jet traffic was inaugurated. Cirrus 
clouds, even though thin enough to see through, ax’e highly reflective and 


can c^use a significant amount of the sun’s radiation to be returned to 
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' space. Xt ia conceivable that man could be unwittingly altering the 

global energy budget in such a way as to induce disastrous changes in the 
ear til' a mean temperature. Assuming that the many computerized models of 
climate can someday be perfected, they will still be of little use if 
proper input parameters are not available. Much of the furor over the 
SST resulted from the lack of solid data as to how mucli increased cloud 
cover might result. Landsat has been shewn capable of detecting jet con- 
trails, and thus may serve as a prototype of a monitoring system able to 
make these arrangements. 



Figure 14. - Landsatrl Image, band 6, Chicago and southern Lake Michigan, 

1003 LST, 16 July 1963. There was a general northeasterly flow 
throughout area, although a weak lake breeze was just pushing 
onshore along eastern shore. This caused the abrupt edge of 
cumulus there. Cumulus gradually reformed along the southern 
and western shore, with noticeable lines of clouds forming out 
of the plumes of major st.oel mills and industrial complexes 
(arrows) . 
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Figure 17 shows another scene of the Milwaukee area on 20 October 
1972. On this day considerable natural cirrus was present. An inspection 
of the band 4 inage shows numerous contrails which, due to the high ambient 
humidity, were able to diffuse to great v/idtiis. Soma were at least 11 lun 
wide. In band 7 distinct contrail shadows could be seen on the ground. 



Figure 17(a) - Landsat-l image, band 7, 1003 LSI, 20 October 1972, over 
southeastern Wisconsin, revealing surprising degree of 
transparency of cirrifom (ice) clouds in the near infra- 
red. Also visible are distinct shadows from jet contrails. 

(b) - Same, but for band 4, showing natural cloud cover commingled 
with jet contrails. In the moist environment at about 
25,000 feet, some contrails have diffused to v;idths of at 
least 11 km. 
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NEEDS FOR THE FUTURE 


A comprehensive evaluation of remote sensing for resource and en- 
vironmental surveys (especially with respect to the Landsat System) has 
been prepared by the National Academy of Science O-Cl* concurs that 
such systems as Landsat have shoxm considerable promise in assisting in 
the solution of many of the environmental problems being faced today. The 
multispactral scanner approach has been proven effective in its first full 
scale test from orbital altitude. The Academy recommended that work pro- 
ceeded on several fronts including: (1) improving the sensor resolution 

by a factor of taro to four, which should greatly help in the detection of 
smaller particulate plumes, (2) moving the Landsat system from an experi- 
mental to an operational basis, thus allowing for the receipt of data on 
a more frequent basis than the current 18 day cycle, and (3) the develop- 
ment of a thermal channel to expand the multispectrai approach. 

This last point is very important for many -reasons. A sensor working 
in the 10-12 jXm region with a resolution approaching that now aciiieved in 
the visible range would immensely add to the overall detection and identi- 
fication powers of subsequent systems. It is unlikely that it would be of 
significant assistance in the detection of pollutants per se, but could be 
of enormous help in understanding the environment in which plumes disperse. 
In particular, if high resolution maps of lake water surface temperature 
could be obtained, it would be possible to better estimate atmospheric 
thermal stability over water. The extreme differences in atmospheric 
states existing hetaiieen land observing stations, even just a few miles 
from a lake shore, and those over the \roter proper are just now being 
fully appreciated. For instance. Figure 18 shows a section of a Landsat-1 
image of Lake tlicMgan, near Door County Peninsula, Wisconsin, on 18 


33 


April 1973. Southeasterly winds were advecting humid 65F land air over 
35-45F lake water. An intense conduction inversion formed in the lowest 
100m [ul. Conditions became saturated within this layer and a thin fog 
deck formed. Unusual w'ave patterns can be seen in the fog, indicative of 
the complex motions that can occur in stable air. More importantly, one 
sees that the fog bank extended inland only a few miles along the Wisconsin 
shoreline. 



Figure 18. - Landsat-1 image, band 5, 18 April 1973, over Lake Michigan 
near Door County Peninsula, Wisconsin. Shallow fog within 
lake conduction inversion manifests complex wave patterns. 

Fog also extends inland several miles further down the coast. 


Figure 19 is a summary' of observations made on the Milv<aukee shoreline on 
a similar type day. In the space of about 10 km, relative humidities vary 
from 55% to over 90%. Such intense loc.al patterns, which occur frequently 
throughout the 'Varm season," are of considerable importance when one must 
design such energy related facilities as fossil and nuclear power plants, 
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cooling towers, cooling ponds, etc. In almost all shoreline regions of 
the Great Lakes, official National Weather Service stations are too far 
inland to adeq_uately measure shoreline meteorological conditions. The 
addition of a thermal channel to a Landsat successor system would be a 
big step towards obtaining the necessary climatological data base for 
this region. We could then make a more intelligent assessment of the 
environmental impact of numerous transportation and povjer production pro- 
j ects . 



Figure 19 ~ Sunsaary of observations of - temperature and humidity made in 
Milwaukee on 16 October 1968 on a day with southeasterly 
onshore flow over a relatively colder lake. Notice strong 
gradient in. relative humidity from 55% in western part of 
city to 9Q% .at lafceshore. Data courtesy of Mr. John .GKandik, 
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SU^I^L^Y MD CONCLUSION 


It has been shoTO that the monitoring of major suspended particulate 
plumes is feasible from satellite altitudes. at least under ideal conditions. 
Increases in resolution and frequency of the data X7ill be necessary in 
order for such to reach even a remotely operational status. At this time 
Landsat should not be considered for applications such as routine monitor- 
ing of such local events as cooling tower stratus and fog. But for studies 
of such phenomena as large (or even urban) scale smoke and turbidity patterns, 
jet contrails, air mass turbidity, and some aspects of inadvert ant weather 
modification, numerous "targets of opportunity'* do present themselves. It 
is not yet feasible to detect gaseous pollutants on the scale discussed 
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in this paper, but there are rapid developments in sensor technology which 
moy make such detection possible in the not— too—distant future. 

It mil be many years, perhaps decades, before satellite systems 
can be expected to become the prime air quality monitoring tool. The 
requirement for large numbers of in situ sensors will remain. But as 
sensor quality and data processing techniques increase in sophistication, 
satellite observations of at least certain air quality parameters will 
become both routine and vital additions to our information pool. 
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Abstract 

The K.anh Resources I'eclinology Satellite (ERlS-lj 
launclied hy NASA in )uly 1972 has been providing 
iliousaiids of high resolution multi-spectral images ot 
great interest to geographers, cartographers, hydrologists, 
agrictilturists, etc. 1 he meteorological content of these 
observatiotis, however, has only been slightly realized. In 
particular, it has been louiul possible to detect the long- 
range (over 5U-kni) transport of suspected particulate 
plumes [nnn the (iliicago-fiary steel mill complex over 
Lake iMithigaii. 1 lie observed plumes are readily related 
to known steel mills, a cement plant, reriiieries, and fos- 
sil-fuel power ])lams. 1 his bus impurtaiu ramiftcations 
when disctissing the inter-regional transport of atmo- 
spheric pollutants, in this case from the Chicago Iiiiei- 
state to the Southeast Wisconsin ,-\ir (.Quality Cionirol 
Region. Analysis reseals that the Multispectral Scanner 
Rand 5 (0.6-0. 7 mui) provides ilie best overall contrast 
between the smoke and the underlying water surface. 

1. Introduction 

The Federal CUean .\ir Act of 19G7 (amended 1970) 
divided the United States into .\ir Quality Control Re- 
gions (AQCR). Tlie boundaries of titesc regions were 
ideally to be chosen to delineate independent self-con- 
tained "air sheds” where air qnaliiy levels would he dc- 
tcrmiiicfl hy dispersion from sources rvitliin that region. 
The actual hoimdaries selected often were compromises 
iieiween meteorological and political realities. .\ii 
-XQCR’s final compliance with national .Air Quality 
Standards is ultimately dependent upon the suctessfu) 
furmiilation and iiiipleincntution hy regional authorities 
of the necessary emission control strategy for sources 
within that region. In reality, however, two adjacent 
AQCR’s might occasionally find themselves breailiing 
each other’s effluents due to long-range inter-regional 
transport of pollutants. .A case in point is the Soutlieast 
AViscoiisin AQCIR (ifie seven counties of southeastern 
AVisconsin, including metropolitan Milwaukee) ami the 
C;itirago Imcrslaic AQCR (imrilicast Illinois and the 

' This paper is Report No. 10, .Air Pollulion Analysis I.ah- 
oiaiory. University of Wisconsin-Milwankc-e. 
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two north westernmost counties ol Imliana). lit tlie latter, 
there exist luuncrous extremely large point sources, es- 
pecially of suspended particulates from steel mills, fossil- 
fiicl power plants, refineries, and cement operations. 
Tlie es'idencc has grailually heen accuimilating that these 
sources are indeed more than just local problems. 

In .August 1967, the principal author jiariicipaied in 
a flight of an N’C.AR Queen Air, insinimented to monitor 
ice nuclei (I-anger, Biter, and Dascher, 1968). The ob- 
ject of the study was the dispersion of anthropogenic ice 
nuclei emanating from the Chicago-Gary steel mill com- 
plex. Under conditions of brisk southwesterly How over 
soutlieni Take Michigan, with a ratlicr strong synoptic- 
scale capping subsidence inversion around 1300 m, a 
clearly defined plume of ice nuclei was easily tracked to 
the vicinity of Battle Creek, Mich, (some 170 km dowii- 
wiiitl). More reteiilly, cm a spring dav with soutli-soiith- 
east How ii|> the lake, elevated layers of red iron-oxide 
smoke were seen drifting (vast Milwaukee (Fig. 1). Again 
the most likely origin ol this smoke was tlie mills at the 
southern end of the lake — 160 km away. 

The elfect of the niiicli larger Chicago liitersiaie 
■AQC'.R is piobaidy significant, but most dilficuit to ascer- 
tain {|unlitativelv. It lias been estimated tliat apjiroxt- 
niatcly 10*','. of the suspended pariictil.iles measured in 



Fir.. 1. I’hotoRraph, looking cast, from University of Mil- 
waukee- VVisronsin campus, showing layers of iron oxide red 
smoke over Lake Michigan, during brisk south-southeast 
winds and very stable condiiiuns in March 1973. The source 
of the smoke is presumably the Chicago Gary area. 
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Fio. 2. Smoke plume from large fossil fuel power plant 
located south of Milwaukee’s Mitchell Airport (NfKE). This 
plume, photographed looking north from an NCAR Queen 
Air on 22 August I9G8, was advecting over a relatively cold 
lake. The air was so stable that the plume could be seen 
extending for over 100 km to the east. 

the Milwaukee area originate in and around Chicago.- 
Freqiiently in Milwaukee, several hours after the surface 
winds sliift to the sotith or soutlteast, there is a rapid 
increase in haze and smoke, presumably the influence of 
inter-regional transport from the Chictigo area. Certainly 
in any megalopolis, sudi as found along the East and 
VV'est Coasts, atljan ut AQCR’s would indeed he expected 
to he exch.tnging pollutants. 

In the emerging Great Ijkes megalopolis, which shows 
signs of exienditig from Green Bay, W'is., to Buffalo, 
N.Y., ''I the not-too-distant fttture, the peculiar inetc- 
orf>logical elfccts of the Great l,;ikes often exacerlwtc 
litis inter-iegional transport. W'heit contiiictital air 
masses advect across the relatively warm lakes in winter, 
any |>lume moving over a Great I-jike will be rajriilly 
dispersed. Turliulence generated by the free convection 
rising from the surface can be extreme, sometimes to the 
point of generating a myriad of miniature waterspouts 
or “steam devils’’ (l.yons and Pettse, 1D72). Thus, if 
pltmies from nurthern Indituia are to pass over l,;ike 
.Michigan to southwestern .Michigan or Wisconsin, they 
probably arrive diluted to an extreme degree. From early 
sjrring through late summer, quite the opposite situation 
prevails: air temperatures frequently exceed those of the 
lake by 10, 20, or sometimes .‘50C. Extremely intense, 
though shallow (100-200 m) surface conduction inver- 
sions form over the lake (Lyons, 1970). ,\ir streams ad- 
vecting over cold lakes not only are rapidly cooled in 
their lowest layers, but due to the absence of upward 
convective heat transport do not warm and destabilize 
in the overlying layers, as they do over land during the 
day. The almost total laik of cutmdus clouds over the 

2 Statewide Implementation Plan to Achieve Air finality 
Standards for Particulates, Sulfur Oxides. Nitrogen Oxides, 
Hydrocarbons, Oxidants, and Carbon Monoxide in tbc State 
of Wisconsin." Regulations proposed by the State of Wiscoii- 
sill, ncpartDieiit of Natural Resources, January 1972. 


Great Lakes on summer afternoons is one manifestation 
of this stabilizing process (Lyons. 19CC). A plume from a 
large elevated point source .such as a steel mill or power 
plant may travel for long distances over water with rela- 
tively little dilution and arrive on a downwind shoreline 
in still very high concentrations. Fig. 2, a plume from a 
large fossil fuel power plain south of Milwaukee, 
dramatically illustrates the point.s This plume could be 
seen extending over 100 km to the east with minimal 
dispersion evident. If such a plume arrives on a down- 
wind shore during mid day and insolation is sufRcient, it 
is fumigated to the surface after a few kilometers of 
inland travel (Lyons and Cole, 1973) and may cause 
high pollution levels, the origin of which could be quite 
bailling to local control officials. 

riiat there is inter-regional pollution transport in 
the vicinity of the Great Lakes is clear, but measurement 
of actual amounts is a problem. Until recently, reliable 
instruments for measuring total suspended particulate 
matter using an aircraft in real lime was not available. 
Even with technology providing the measuring device, 
obtaining a quasi-synoptic profile of plumes extending 
for at least 100 km downwind from an area as large as 
Chicago-Gary is both difficult and expensive, particu- 
larly if such measurements are needed on a semi-regular 
basis. The ideal solution would be a satellite monitoring 
system. Until recently no satellite was capable of such 
observations, but with the launching of N.ASA’s Earth 
Resources Technology Satellite (ERTS-1) on 23 July 
1972, the prospect has improved markedly. 

2. The Earth Resources Technology Satellite 
ERl S was designed specifically for environmental moni- 
toring. It was placed in a nearly circular, 99.11 degree 
orbit, nominally about 915 km, with a period of 103.267 
minutes. The sun-synchronous orbit has a descending 
node time of 09-12 LST. Images are 185 by 185 km on a 
side. It takes 251 revolutions (18 days) to make one com- 
plete global coverage. Thus every portion of the earth 
(between 81° north and south latitude) is viewed at least 
once every 18 days. .\t the latitude of Chicago, there is 
approximately 35% horizontal image sidelap, so some 
l-'ritions can he seen on successive days, .-\ one-year mi.s- 
sion hie was roiU' r. piated and, as of .March 1973, more 
than 31.000 images had been collected. .-Ml images are 
characterized by a zero or near-zero zenith angle, with 
illumination depending on the solar elevation angle, a 
functioii of date aiul latitude of ohserv.i! fon. 

The two great adsantages of ERTS aie its extremely 
high resolution and a multi-spectral imaging capability. 
I'he original specifications for the multi-spectral scanner 
(.MSS) called for 100-200 m resolution. Initial results 
have shown stime high contrast targets as small as 50 in. 
Highways, airport runways, small ponds, jet contrails, 
harbor breakwaters, etc., are routinely visible. The four 
spectral bands arc 1) MSS--1, 0.5-0.6 |im ("g[rccn" bandi: 

3 Subsequent to the taking of this photograph in 1971, the 
particulate emissions from lliis jmwer plant were largely 
elinhnaled. 
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2) MSS-5 0.6-0.7 /xni ("red" band); 3) MSS-6, 0. 7-0.8 nm; 
and 4) MSS-7, 0.8-1. 1 /im (“near infrared" band). ERTS 
products are available in several formats including 
digital tapes, 9-1/2 by 9-1/2 inch black and white and 
color prints and transparencies, and most routinely, 
70-min negative and positive transparencies (Mac Cal- 
lum. 1973).< 

Because the four spectral bands are viewed simul- 
taneously in space and time, it is possible to use color- 
additive victving techniques to produce color-coded re- 
sults. Combining MSS bands 4, 5, and 7 results in a 
falsecolor infrared image. The red color associated 
with foliated vegetation makes this color analysis a valu- 
able diagnostic tool in agriculture, forestry, and land-use 
studies, but for the meteorologist the ERTS multispectral 
imaging techniques arc most iiscfid in penetrating thick 
haze, revealing cloud shadows, delineating snow cover 
from vegetation, and demarcating land/water boun- 
daries. 

The various design characteristics jirompted the L'WM 
.Air Pollution .Analysis Laboratory to submit a proposal 
to study ERTS-1 data. Before launch, it was hoped that 
a satellite with these characteristics would be capable 
of detecting major plumes of suspended particulates, 
making possible synoptic studies of inter regional pollu- 
tion transport over the southern I-ake Aficliigan basin. 

3. The study area 

The heart of the Chicago-Gary industrial complex 
stretches from the southeastern part of the City of Chi- 
cago eastwards along the shoreline of Lake and Porter 
Counties, Indiana, to the east of Gary. Fig. 3 is an aerial 
view of a part of this region, taken from an NC.AR 
Queen Air at an altitude of about 200 m early on the 
morning of 15 July 19G8, when brisk southwesterly flow 
was adverting numerous smoke pluincs over the lake. 

A total of 16 major partietdate sources have been 
located in the study area (Figs. 3 and 6). The estimateil 
annual output of particulates (provided by local air 
pollution control officials) and the source type arc listed 
in Table 1. The size of some of these sources is truly 
remarkable. Source 3. for example, a cement plant, di.s- 
cliargcs over 110,000 tons/year of particulates. In com- 
parison, all of iAfilwaukee County, Wis., a relatively in- 
dustrialized area, had a 1970 suspended particulate 
emission of only approximately -15.000 tons/ycar. 

4. The observation 

During the morning of 1 October 1972. brisk south- 
west surface flow covered the southern Lake Michigan 
basin area (Fig. 4). A hank of altocumulus clouds, asso- 
ciated with a trough, was present to the north and east 
of the Chicago region and was moving rapidly northeast- 
wards. A strong nocturnal radiation inversion had been 

< Details on ordering ERT.S products can be directed to; 
The ERO.S Data Center, U.S. Department of the Interior, 
Geological Survey, lOth and Dakota .Aves., Sioux Falks, S.D. 
(605) 339-2270. 



Fig. 3. I’liotograph (looking noitli) of a portion of the 
Chicago (iarv indit.sirial complex, taken fiotn an NCAR 
(jureti Air, on the tnoniitig of 15 Jitly 1968. The tiutiibers 
refer to the sources lislerl iti Table I. . 

presetit at tlliOO C^.S'F aciordittg to the Peoria. III. (Pl.\) 
vntttditig (ittset. Fig. -1). The sxtioptic silitatioti was thus 
.similar to that wheit the aircraft photographs showtt iti 
Fig. 3 was taketi. Figures 5 attd i> arc portiotis of the 
ER I .S images taketi at ap]in)\imatcly 1003 CS F.® 'I hey 
h.Tve been enlarged to show a region approximately 90 
n mi wide. Figure 5, in band .MSS-1, appears to be a rela- 
lixely low-contrast image. Any plumes emanating from 
the steel complex are barely discei nihle, the radiance 
of the lake surface being .so large as to he comparable to 
that of the smoke plumes in that portion of the spec- 
trum. The 1000 CST airw.iy oliservatioiis are super- 
im|K)sed. However, in Fig. 6, bami MS.S 5, a number 
of particulate plumes c.itt be seen streaming northeast- 
ward. disappearing beneath the altotumulus cloud deck 

BNAS.A ERTS Image Idcntirtcation Number 1070 16011. 

T.niLK 1. Fistimated annual tonnage of suspended i>articulate 
emissions from major point souries in the Chit ago 
Interstate .Air t^u.ility Control Regions. 


No. Tyiw <Amrct: '>rar> 


1 

Steel mill fabrication 

20, .494 

2 

Steel mill 

82.474 

3 

Cement plant 

1 42.675 

4 

Fossil fuel power plant 

1 ,652 

.S 

Steel complex ") 


6 

Steel complex (o|ien bunting)* | 

[ 88,597 

7 

Steel t itmplex I 

8 

Steed complex j 

1 

9 

Steel mill 

24.000 

10 

Fossil fuel power plant 

4,7.52 

II 

Steel mill fabrication 

4,000 

12 

Steel mill 

5,')00 

I.A 

Oil refinerv 

1 .596 

14 

Oil refinery 

1 .978 

15 

Oil refinerv 

1,014 

16 

Steel mill 

3,562 


* Probably short-lived ground site. 
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I'in. I. Syiioplic coildiitoii'i, ItlOO CST, 1 October !flf2. An 
overcast area of altocumulus is present to the north and 
east of ihe slutiy area. Isohars every 'I mb, one uitiU i)ar 
equals 5 kt. Inset shows flOOf) CST i'eoliu, III,, ratitosotulc. 

at a distance of about (il) km. The solar elevation angle 
is ap|jfuxitniilely 'll)". 

It should he noted that due to the various degradations 
involved hotlt in making the plioiogiitphic print and in 
puhlicutioii. the plumes do not appear as clear as in the 
original 70-nim negatives, nie prints were also plioto- 
graphically dodged to maximire details over both land 
and water. 

I he plumes in these images, for the most part, arc 
comhinaiions from several point sources. I'he most pro- 
nounced plume, from source R, is not exclusively 
from a single stack, but from an entire mill complex, 
with one stack dominating. Tlie total spread of the 
visible plume at 60 km downwind is about 4.5 km. The 
jdumc apparently emanating from source 2 iictually is 
tlic combined result of cmi.ssions from two large steel 
complexes (with probably 30 stacks hi total) plus smaller 
plumes from refineries upwind from the sliorelinc 
(sources 14 and La). The cement plant, source 4, can be 
seen emitting its own discrete plume; however, it is 
only detectable for about 10 kui out over the lake. It 
would seem likely that, in the period just prior to 
ERTS’.s passage, it was emitting at a rate far less tlian its 
yearly average would suggest. 

MensurcmeiUs of plume spread can he converted into 
useful information regarding over-water mesoscale diflii- 
sion of pollutants. First, liowcver, it must be determined 
what tlie visible edge of the plume represents in reality. 
Sometimes, the visible plume may he correlated to a 
parameter such as the point where concentrations drop 
olT to 10% of the centerline value, or 2.15 <rt, in the 
parlance of Pasquill (19G1) and Gilford (1961). If that 
were the case, then this plume would appear to have a 
diffusion rate characteristic of Class E (rather stable 
atmosphere) in the empirical classificaiion of .atmo- 
spheric stabilities used in Gaussian plume diffusion 


calculations. Until aircraft measurements of suspended 
particulates are made in conjunction with ERT'S images 
to relate radiance to some physical parameter, the actual 
estimates of plume spread characteristics must remain 
iciitativc. 

5. Analysis 

•An imponam consideration is tlie choice of ilte appro- 
priate ERTS spectral band to provide optimum discrimi- 
tintiou of a particulate plume against the untlcrlying 
.surface, tii iltis case water. I'he plume will be mtist 
visible on the photograph when the difference between 
the optical ilensity of tlie plume image and tiie optical 
density of tlie lake-surface image is greatest. Plume visi- 
bility over a water surface will thus he enhanced by: 

1) tlecretise in tlie spectral iilbcdo of tlie lake surface. 

2) increase in overttll image contrast, and 3) increase in 
the amount of ladiation staiiered and/ov cellcaed ver- 
tically upwards from the solar beam by the plume. In 
the case of a ptmne ativectiiig over a surface of very high 
spectra! albedo, a fourth fiicioi would Iiave to he con- 
sidered; tlie extent to which ;i liltime attenuates solar 
radiation redected vertically upwards from the surface, a 
factor (Lpendent on the geometry of scattering and .ah- 
sorpiton of radiation hy die plume. 

File first of these major cotisickTatioiis, the spectral 
albedo of tiie lake surface. sJiows a marked variation hy 
Wavelength. Direct relletiion of solar radiation from the 
lake surface makes ,i relatively mitior contrihutiou to the 
variation of lake tilhedo in the four ERTS hands. Reflec- 
tion s'crticallv upsvards front the lake surface is small, of 
the order of 2%,. and for a solar elevation angle of 40° 
.slinsvs only .slight wavelength dependetice, witli very 
slightly higher values iti ttte lower wavelengths of tiie 
visual spectrum (Roiidraiyev. 1969). 

F'ar more important in iniluciicing lite spectral albedo 
of the lake is the wavelengih dependence of solar radia- 
tion absorption within the lake itself. The lower tiie 
spectral absorption coclTicient w-itliiii the lake for any 
wavelengih, the greater is the penetration of incident 
solar rndiutioii into tlie lake and the greater is the likc- 
litiood nt hackscattcring upward hy water molecules am! 
hydros'ols, i.c., Rayleigli and Mic scattering respectively. 
For distilled water, maximum transmissivity occurs at 
0.46 ;im, and absorption increases rapidly with increasing 
w-avelength, resulting in a dtirkcr lake image. .As an 
example, the mean absorption cocfficicm for pure water 
in ERTS band MSS-4 is approximately six times less 
than the coefficient for MSS-5. mid die lake thus should 
appe.ir brighter. Inrrca.scd amounts of suspended and 
dissolved matter >hift the wavelength n[ minimum ab- 
sorption and maximum lake albedo tc longer wave- 
lengths. .According to Kondratyev (1969), tea tvater (and 
lake water?) typically has minimum absorption near 
6.55 ,eun, which is tiie center of ERTS hand MSS-4. 

.-\n additional consequence of the greater transparency 
of water in the blue and green portion of the spectrum 
occurs in the case of shallow water, wlicre reflection from 
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the lake bottom may further increase values of surface 
lake albedo and limit die ability to detect polUiiion 
plumes near sliore. 

Another important factor infhicncing lake spectral 
albedo is the variation by wavelength of saiUcriiig geom- 
etry beneath die lake surface. A.s Rayleigh scattering h:is 
more pronounced backscaiter than Mie scattering, in- 
creased Rayleigh scattering will produce higher values 
of lake spectral albedo In the blue portion of the spec- 
trum. about 40% of all scattering tvithin the lake is 
Rayleigh sctitlering by water molecules. In contrast, at 
the center of liand .MSS-5 (0.G5 mn)> about one in 
every 33 scattering events is typically molecular Ray- 
leigh scattering (Piass and Kaltawar, 10G9;; tlie rest are 
strongly forward-scauering Mie scattering events pro- 
duced by hydrosols. Hits, coupled with tiic higher tib- 
sorptioii coefficients at longer wavelengths, produces a 
much darker lake image in hand 5 than in band 4. In 
[act, in tlie near infrared (.MS.S-7), water surfaces tip- 
pear black, tlie result of t'cry high tilisorptton cocliicieius 
of the lake water anti the very low tinioimts of Rtiylcigli 
backscattering at long wavclengilis. 

All other factors constant, a higiier value of lake sjiec- 
tral albedo will produce a higlier value of upward henii- 
sphcric radiant flux. The surface albedo is a mcasiirt- 
ment of die ratio of radiation rellecied or sctittered up- 
wards in all directions, i.e., upward hemispheric radiaiu 
flux immediately above the surface, to incident dmvii- 
ward hemispheric flux. The very narrow scan angle of 
the ERTS scanner, hotv'cvcr, intercepts only that portion 
of tlie total flux that is directed vertically upwards. 
Spectral variations in directional radiation iiuciisiiy 
(radiance) in the upward vertical direction may exceed 
spectral variations in the total hemispheric radiant flux 
which is produced by difference in lake spectral aUiedo, 
including reflect a in all directions. In a theoretical 
study by Plass and Kattawar (IflGD) of the tiiigular dis- 
tribution of the radiance over an ocean surface, it was 
found that for a solar tieani incident angle ne;ir 40% (as 
in tlie present .study) and a wavelength of 0.G5 /nn 
(MSS-5), a pronounced niinimtitn of upward radiance iti 
the vertical direction occurs which is an order of mag- 
nitude smaller than maximum values found near the 
horizon, por shorter wavelengths, however, upward radi- 
ance is distributed much more uniformly over all zenith 
angles, and the radiance value in tlie vertical direction is 
several times greater than at 0.65 fini. If a similar qualita- 
tive relationship holds over a turbid lake, iheii the 
greater angular variations of radiance at longer wave- 
lengths would further accetitu.ite differences in spectral 
albedo to produce darker lake images with increasing 
wavelength. 

The second major consideration limiting our ability to 
detect particulate plumes against an underlying surface 
is reduction of over.all image contrast. .\tmospIieric Ray- 
leigh scattering and Mie scattering from haze or pollu- 
tion layers generally act to increase overall radiance. 
Because image density of a positive transparency ideally 


is inversely proportional to the logarithm of exposure 
and hence, in tlie case of ERTS imagery, to the 
logarithm of the radiance, a given increase in radiance 
due to atmosplieric scattering will produce a greater 
decrease in image density for a low radiance target 
than for a high radiance targeu .As a result, the photo- 
graphic image of a low-alhedo target such as a lake 
sliows a greater increase in brtgluness due to atmo- 
spheric scattering iliaii does a highly reflective target 
such as a cloud or pollmion plume, and overall image 
contrast is reduced, Beatu.se sc-'itiering varies with w.ave- 
Icngih, maximum inherent image contrast (defined for 
convetiicncc as the difference in piiotograpliic density 
between a target having an albedo equal to unity and a 
target with zero albedo), will also show variation be- 
tween sjjcctral batids. 

Greatest variation of maximum inlieretit image con- 
trast liciwecn ER'i .S spectral iiands occurs as a result of 
sky luminance produced by Rayleigh scattering. Al- 
thougli Rtiyleigli scniicring is iiiosi pronounced at the 
sbort-wavelengili end of the visual speciriiin, the average 
Rayleigh scattering coefliciciit in ERTS hand MSS-4 
(0.3 to O.G /tin) is still relatively higii, animinting to 45% 
of the coelficient for 0.4 to 0.5 ^m (Kondratyev, l'J60), 
bm decreases rapidly for lotiger waveicngtiis. The spec- 
tral variation of .Mie scattering by atmospheric aero- 
sols is much less than for Rayleigh seaticring and is 
marked by gradual decline with incrc.ising wavelcngtli. 
Comptiter siiiiiilaiion models of Rayleigli and Mie scat- 
leritig ill a noniially ba/.y ainiospbere (Plass and Katta- 
u'ar, lOGS) indicate tiiat maximum iiiiierem image con- 
trast (as defined above) may be over twice as great at 0." 
ftni as at 0.4 /iin, and niaxtiiium inherent image coiitnist 
is even greater in the near infrared. Increasing aerosol 
content iiitrcase.s tlie coutribiition of Mie scattering, pro- 
duces a more uniform distribuiioii of ladiaiicc over all 
zenith angles (i.e„ more isotropic), ami Iticreases values 
of upward radiance in the vertical direction. The re- 
sulting reduction of tniage contrast witli increase in 
aerosol content occurs for all wavelengths, hut is most 
pronounced for shorter wavelengths of the soltir spec- 
iruin (Plass and Kattawar, 1970). 

The comiiiiicd effects of liigh lake spectral albedo and 
low inherent inuigc contrast can he seen by exaininitig 
Fig. .5. .Mtliongli urban features of the Chicago-Gary 
area, regions <jf iiigh uirhidiiy in Lake Michigan, and 
the deck of aliocnmitlus to the norllicast are readily 
visible, jjlnmes adveettng oser tlic lake from Gary and 
Ghicago are virtually undetectable at distaticcs exceed- 
ing 3 to 10 km downstream from the lakeshore hcamse 
of the briglit lake and reduced ininge contrast. .Attempts 
to enliance contrast photographically through dodging 
and use of higti contra.st paper rendered plumes visible 
only very near shore wliere particulate concentrations 
were highest. 

From the aiiove discussion, it miglu be expected that 
the optimum spectral band for plume tmeking over a 
lake, in the absence of ice cover, would fall in the near- 
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I ir., 5. 1' R'l S 1 iinaiir, MSS 4 (O.'i 0.6 lakrit al 100" (.s T. 1 OiIoIkt IOTU. \\iaii<in \u .itlm olist-natiim^ sii|H'iiiii|)<i><'cl 


iiili.iloi i.iii>;r. I III li.iiul MSS 7 (I'.S in 1.1 ^in'i, sk\ 
liiiiiin.iti(.(.' it iiL'^li^iliU', aiul :i lii^li .iIimh ption tocllit iriit 
fu: ilic l,ik<' uaHT |iio(lim's ui\ low sprili.il .illuilo 
and a \ci\ dark lake ima;>t' on a po<<i[ivi' photo 
L(tapli. l or litpiid walci donds. uIiom' allicdo is piai- 
liiallv indcpt'inU'iit of \va\<'K'ii<i|li up to I..'! /iin (kon- 
draucv, Hllih). hand MSS 7 docs indctd piosiilc inasi- 
nnnn (onttast in iinayic density hctuccii doiid and lake. 
Stull dot's not seem to he llii' lase lot paititidate |ilnines. 
Iiowevei. heiansr of a tliiiil in.ijot lonsiiler.ition: the 
spectral vatiations in alhedo ol a ilense paititidate 
pllliiic. Data on the ^eoinetiv of multiple sialletili}; and 
ililfiise rdlettion from polliiiioti plumes aie limited. 
However, tallies of prim. its .\fie staiteiini; (tlelSarv rt nl., 
l!Ki5) inditate a tiependeiue of an^nl.n s<alleiin<> in- 
tensities on w.iveleiif;ih. as mentioned ahme. I'or the 
present t.ise. toiisitlerint; st.imriiiK sertit.div ii|iwaicls 
from a std.ir he.im witli .m .lev.iiion .iniile of III’, 
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piim.in stalteiiii}; coeflitieiits in the neaiinfiaiid (1.0 
uiiu .lie olds 1,") to 7a'',, of tlie values at the center of 
the Klein ImiiiI (tl.ti.'i /iiiii. I- iirtheimoie. eompnter simu- 
lation models of shoii wave r.itli.iiive tiaiisfei in .a hiKhly 
unhid aeiovil layer (I’lass ami kaltawar. 107U) sliow 
IliKher Values of upvvaiil railiatiee (measured at the tup 
ol the atmosphere') at 0.7 mui ih.in at 0.0 ;im (within 
hand \fSS-7) tot all /.eiiiih aiiKli's. It the s.ime epialitative 
lelaiioiiship holds in the i.ise of multiple sraitering in a 
liiKhly unhid p.iiiiiulaie plume, tlien maximum in- 
heieiil IniKhtness should ottin in the lovvesi visual wave- 
leiiKilis i.ithet lliail in the near infraied. 

I hiis. from vaiioiis tlu'oretiial tonsideraiions it would 
appear that the pcHiiesi plume tiiserimination ahovc a 
water snriate woiiltl he in the shortest wavelengths, as 
tonfirinetl hv MSS 1 (Kig. On the other hand, while 
it was initiallv expt'Cied that the near infrart'd (haiul 7; 
would optinii/e pinmi' loniiast over water, as is the* c.ise 

REPRODUCIBrUTY OF THC 
ORIOIKAF I? 











Itutlfliri lirinuilil .\frtcinnlt>!iuttl Sotifly 


ilif p.ittiiul.iic ill ilu- Mihv.iiikfi- .tit-a. a 

most iiitfrtsiiiijn (|m'siioii will .iiisv. If Somlu-asi W'is 
(oiisin fails to ri*atli its air tjiialily siaiulards lor 
' uspcmU'd |jai t inilatcs, slioiihl it lie |K'iiali/cil lor ilic 
"sills of fiiiissioir' ol oilir-r ifj;ioiis- 

While I RIS iiiia}>is siiili as tin- om-s discussnl aie ol 
I'leat iiiR'ii'sl ill tliemsflM-s. thiir salui: is sollli'wlial 
lilllitcil l)\ the iiiiat ailaliility of ailii.il '^loiiliil tnilh' 
sti|i|)oi tin^ data. I’WM's Air I'olliiiioii \iial\sis l.ilioi.i 
tors has now iiisti iiiiii'tiiiil .1 ( issiia S.'h' airti.ilt with 
•III array ol .lir jiolliitioii and iiieleoiolo<>ii al seiisois. In 
ihiiiid an- l.ist ies[H)iist' iliiiiis |oi monitoiin^ loi.il 
sns|iindeil |i.iriiuil.ite m.iss loadings and |i.iiiiili' ion 
iintialioiis in siiiaal si/r taiiyns. <)nho.iiil |>iotissin” 
.ind l.ijii' tl.il.i lottt'iiit; will m.ike it jiossihle to tiv le 
|iiatid ]»i ofiles of sflei li-d |ihiiMi s 1 oiin idini with IRI^ 

1 hns it ina\ he possihh- to ili iei miiir ladi.inii- 111. iss 


with liqniilwaier tlonds. the liij>her inherent hri|i>ht- 
ness of pititnes in the \isihle speitiuiii results in the 
"red" hand being the hest for smoke iletetiion. The 
|)liitiles were \isihle in haniK MSS-ti and 7 ; hailii j. how 
ever, pro\ iileil the hest loiuproniise between the high 
lake speitial albedo and low toiiir.ist of the shorter 
waseleiigths anil the diiiiiiiished pliitne alheilo in the 
longer w.iselengths. 


From this lase snid\, it now .ippe.irs highh likely th.it 
when the jitopei tneteolologiial loiidiliolis (vmth sonth- 
easterlv wintlsi coiiitide with an IRIS p.issage. we will 
tie able to deietl in.ijor air pollution plumes entiling 
the Southeast Wisconsin '.liislied" liom sointes met 
ItUi km leiiloied. If ii i.iii hi’ shown th.it this iiiiei 
regional pollution ti.ins|>on loint ilniies signiluaniK to 


l ie. fi. FRTS-1 imaite, MSS ." (1.7 imi). Sinoki' pinnies ilealiv visible. Niiinhiis lefer to soniiis lisliil in r.ible 1. \llo- 

tininilns ilonds aie visible in inn thiast. I'alilies of liiins anil neai shoie water si’iliiiieiils lan also be iioleii. 


ppprtoDJc^n.iTY or TT{r 

■ aM-irnt AT r^rita. 


1169 




Fol. 54, No. 11, November 1975 


lending rehitionships, and also to ascertain how weU the 
actual plume conforms to tlie Gaussian profile so often 
imposed in numerical studies. Densii'^meiric analysis of 
ERTS nt'gjitives would also accompany .such sUiiltcs. 

Unless they are unusually dense, smoke plumes arc 
harder to detect over laml than over water. Land sur- 
faces are generally much brighter than water and ex- 
hibit marked spatial and seasonal variations in radi- 
ance. Using lalse-coior infrared, at least during siminicr, 
seems to be reasonably successful at times, but visual de- 
tection of many plumes may not be routinely possible. 
'I'lie next analysis step tlien should be smoke detec- 
tion by coitipiiieri/.ed patlern recognition techniques 
emjdoying the primary ERTS tiigiud tape data rather 
titan phoiographicaliy recoiisinicted products. 
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21736), the U.S. Environmental Protection .Agency 
(Gram No, RS(10873). and the State of AA'isconsin De- 
partment of Natural Resources. This paper i.s also Con- 
trihuUoti No. S.i, Center for Great Lakes Studies, Uni- 
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ABSTRACT 

I 

NASA's liarth Resources Technology Satellite (liRTS)noiv provides extremely high resolution (50-200 ni) 
muhi-sijectrtil images of any given portion of the earth (between Sl“ north ant| south latitude) every 18 
days. These are the best unmanned satellite data to date fur the detailed stud.v of niesoscale cloud patterns, 
■An ER.TS view of the southern basin of Lake Michigan at 1000 CST, 24 Xoventber 1972 reveals whttt 
certainly appetir.s to be an e.vample of inadvertent weather motlificaiion. Cold southwesterly air flow is 
jiroducing the usual cumulus cloud, activity over the relatively warm lake. What is unusual, however, is 
that the easily visible smoke plumes from a number of major imlustrial complexes in the Chicago-Gary, 
Inti., area a]i[)ear to be markedly affeLting the cumulus patterns. Cloud streets developing over Lake 
Michigan are observed to undergo enhancement when aligned with the industrial plumes. Specifically, the 
tumulus elements of the cloud streets become larger and brighter (and presumably thicker) than those 
forming in “unpolluted” air. 


1. Introduction 

Man’s inaclverlent nioditrcation of the earth’s climate 
and. weather has recent!}' become a much studied topic 
in the meteorological communil}', As summarized by 
the Presidential Council on Environmental (,)uality 
(1970), there e.xisls a wide spectrum of potential 
mechanisms. Proper assessment of tlte many theories, 
however, must await the collection of a considerable 
body of appropriate clinmtolgical data and the develop- 
ment of reliable numerical models of global climate. 
More amenable to immediate study are local cHmaiic 
variations and the specific weatlier alterations from 
which they arise. In tlie area of man-made influences 
on cloud and precipitation processes, however, spec- 
ulation seems still to outstrip proven fact. The La Porte, 
Ind., precipitation anomaly is a ca.se in point (Changnon, 
1968). The existence of the La Porte anomaly as a 
physical realtt}', rather than an example of spurious 
data, has not at all been universal!}' accepted. While 
Hidore (1971) tended to agree that u localized precipita- 
tion near La Porte did indeed e.xi.st, others disputed the 
fact (Holzman and Thom, 1970). Studies of tree rings 
(Ashby and Fritts 1972), and vegetation types (Harmon 
and Elton, 1970), did not }’ield conclusive evidence one 
way or the other. 

Thus, Some doubt even the existence of the La Porte 
anomaly. In any case, if it is real, it is still an effect 
searching for a cause. The same can be said for apparent 

‘Report Number 94, Center tor Great Lakes Studies, LTni- 
versity of Wisconsin-Milwaukce. 


prccipiliition incretiscs downwind of niimeroua large 
urban areas, estimated as high as 27% of the summer 
seastjn rainfall by Huff and Cliangnon (1972). The list 
of possible causes includes; 1) an lliropogenic sources of 
ice and condensittion nuclei from industrial and perhaps 
aulomolive sources, 2) inputs of sensible heat from 
urban sources, 3) inputs of moisture from certain 
induslriul activities, and 4) changes in boundary layer 
wind flows due to varitilions in surfiice thermal and 
roughness characteristics. Project METROMEX- is 
current!}' trying to assess the magnitude and isolate 
the cause (s) of urban-iiiduccj weather changes in the 
St. Louis, Mo., area. 

Tlie La Porte and St. Louis studies have one feature 
in common. Proof of any effect will be obtained as a 
re.sult of .sophLsticuted statistical tests on vast amounts 
of cliniatologica! data correlated with numerous case 
studies involving extensive physical measurements. It is 
a relatively rare event when the atmosphere is actually 
“caught ill the act’’ of responding to man’s activities. 
Some exceptions cun be noted, such iis cirrus contrails 
spreading over a sky, altering surface radiation values 
(Jacobs, 1971), cooling ponds and lowers producing 
localized fogs, clouds, and light rain or snow (Hewson, 
1970), and valleys filled with fog from industrial sources 
of moisture and nuclei. A small area of light snow 
resulting from power plant and factory effluents 
entering a supercooled fog was described by Agee 

*Scc “Project METROMEX: A Review of Results,” Bnil. 
A war. Melcfir. Soc., 55, February 1974, pp, 8ft-121, 


o OF THE 
ORIGINAL PAGE J$ POOR 

504 MONTIIl. \ W i; A I' II I . K K i: \ I K W mi; 102 



I'li;. I \iV\v liHikiii): nnrllnM--t , l(KK) li Uil., over liiil. fr<ini .111 \C \K (.hiiTH Ait, (KoOCST 15 July l‘>f)S. 

riunu‘> in I’liri’finmiiil i urn >|n>nil In < lii-n r 5 in l ij;. 2, anil ihn-f in llu- ilistain c art' • lii'lft 2. 


(l‘>71), Lyitiis aiul (llssnii 11075) iinU'd larnf 1 uimilii?. 
ilmids (Kiasionallx luiildinir uvir llu- sti-i-l mills of 
C'hirapo and (ian. Howt-vir. an\ ohsiTva lions of 
direct cause elTei I relalioiiships lietweeii man’s activ 
ilies and almosplu-rii prou-sses arc usually lortuilous. 
W'ilhout siK-citii dal a jiallu-rinj: sysli-ms designed to 
delect spet ilic iiu ideiices of inadverieiil weal her 
modilications. lliis '■catch as-calili-can” situation will 
continue. 

I'he l-'.arlh Ke.smiries Technoloi;) .Satellite (l-d\'rS). 
while actually de\i-loped for studiis i»f land usai;e. 
water quality, anricullure and the like, has the capahil 
ity of makint; ohserviiiions of sulVn ietillx Ini'll resolution 
to ohserve many instanns of inad\<rltiit weather 
moditication. Based on l-iU l’S 1 imaues, this paper will 
discuss what ajipears to he a ilear-cul ta.se of t loiul 
inoditicalion In the elihieiits from numerous industrial 
sites in the (’hicapt (lary lompley. 

2. The Earth Resources Technology Satellite 

N’.\.S.\’s Karih Kesouru-s lethiiology Satellite 
(KR I'S-l) was lauiuhed in July 1072. ,\ mullis|)ei iral 
st unner (MSS) acijuires imap-s of IS5X1S5 km in four 


spetiral reyrions; 0.5 0.(t ytm ("green” hand), 0.t>5).7 
>im ("red” hatull, 0.7 O.S ytin. .ind O.S 1.1 /tn' (near 
infrared). Tlu tlesign resolution is heltveen UK) anti 
2(KI m. ,\ tomplete dest ri|)tioii of the satellite’s char- 
atleristics anil its ahilit) to tlelecl smoke [tiumes frtnn 
111 ijor |H)int soun t-s is giyen hy Lyons and Pease 
(1075).^ 

3. The Chicago-Gary industrial corridor 

Along ami near tlu southern shore of Lake .Michigan 
is fountl one of the largest imlustrial agghmierations in 
the yvorld. Ihe /.tnie of heaviest itulustriali/ation 
sirett lies along the shoreline from the .southern part of 
the ti|y of t'hit.igo through W hiting. Hammond, and 
to ahout 20 km east of (iary. liul. l-'igure 1 is an 
airt rafi vit-yv slunving smoke plumes drifting northeast- 

l'd< I S I <laui an- availalili- in mimi-ri'us forinat.s, iniliiilinK 
ro mm iu".;aliM- ami |Misilivi- transpart-m it-s, O.sinth st(uari‘ 
lilaik ami tthili- prints, ami rolor Iran spa rent it-s amt prints, anti 
as ili^ilal taix-' 1 Mai ( alliim. I'»7.0, .S|H-tilii infnrmaliim rci'ant- 
im: pun hast- nf LK r.S 1 priMlmts ran U- nlilainoii ihrnuiih the 
KKdS Mala (Vnlt-r. f. ,S. IVparinu-nl nf ihi- Inlt-riitr, lOth amt 
Pakula \vfs., .'-'inuy I'alls, S Pak 57l‘ts 


1 


I 


! 


jLi.v 1074 
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I'k;. 2 . I'.K IS I MS> liaixl 6 MMi (1.7 *iiii> itiuici' our oniilM-rn li.i-.in oi Lake Miiliiuan. 100.1 ('SI' 
24 .\ovi.mlM.r l')72 ( I'.K I S imayr II* \o. 1124 IdO.'O. Ilmirlv a\ i.iii.iii vu aiiur |iloiU'ii (oiii-winil luirK 
i‘i|uals 2.5 in mi ‘J. lour major < lu'U r' oi imlii-itri (arnm > inrm larci- i onil'ini-il ' ol >U'|>i inlcil 
jiartii ulaU's. I'lir uiilili of iln imaci' -Ikhim i- |(i.' km 


wards from a ^•oIOI>ll•^ of oil nlincrirs. (cimiit planls, 
and sltt‘1 mills. Il lorrtspotuls lo ilu- plum*' ihislcrs 
numbered 2 and 5 in l'i}i. 2. 

Thirteen of the larger soiirees in the nuion have a 
combined yearl\ oiilpul of ap|>ro\imaUl\ .■».s2.(NHi inti.s 


III suspended part ieiilates. The varioiis )tolhition sources 
are also proihuini: laroe amounts of heat and moisture, 
alllmuirh \er\ litlle (luaniiialive information isavailable 
as lo how iniuh. It is known, in addition, that certain 
of ilu'.se indiislries. probablv sleel mills, are prolitic 
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l ie. Surfjuf synoptic 0‘)00 CST 24 VovemU r 1074. Inset slums 0000 CS T Icmiicnutirc, 
humulity, ami ttiiul soumlinji.s from the Chicago (MDW J K.M.SC raiiioMmiie asceiii (one wind liarl) 
equals 5 m sec 


liriKlui'ers of ice multi, riif aullior |)artiti|>att(l on a 
llifllit of an N'C.AK (Jutfii .\ir (14 Aiiftiist 1%7) which 
wa.s instninunud to nuasurc ice ntulfi (Laiif;tr ft ill., 
Rea(Hiijr.s many onlcrs of inaoniliulc hijilicr than 
the prevailing hackgrotiml were fotind ilircctly down- 
wind of this region, and a dislinct pltime of high iie 
nuclei count.s was tracked with tile winds to Mattie 
Creek, .\iich., some I'M) km downwind. 

Naturally, in light of the La Porte study. <iuestions 
have been raised as to whether or not this inihistrial 
complex has the |M)tential to sy.stematically alter cloud 
and precipittilioii proces.ses. Large swelling cutmtlus 
clouds are occasionally seen which appear to be tlevelop- 
ing from the plumes of steel tnills. I m other ot t asions. 
decks of superctHiled .stratocumultis clouils drifting 
inland otT the lake on winter da\s have been notetl t<i 
develop large clear areas tlowriwiiul of the mills jire- 
sumably the etTect of “overseeding” with ice nuclei. 
Thus the Kl< I’.S image discussecl below reveals an 
elTect not totally uiiexpectcil. 

4. The observation 

KKTS 1 tiMik a remarkable seriisi of images over 
Lake .\.ichigan at IIHU C.ST, 24 Novemlier l‘>72, 
which apparently show nuKlilication of L5-kni wide 
cumulus cloud streets liy the eliltients of the indu.strk-s 
at the soitthern end of the lake (Mg. 2). tin this day, 
the i.,ake .Michigan region was under the inlluence of 


southwest (low about a cP high pressure cell centered 
in Kentucky (l ig. .d. Minimum temperatures west and 
south of the lake during the ]irior night ranged from 
2tlF to 2d|' (— 7C to — 2C). few scattered ship water 

temperature reports indicated that the lake surface 
hail cooled to alx.al 4C to 7C. Thus, the presence of 
l umulus t)ver the relatively warm lake is as expectetl. 

('oiiditions at the time of the KR I'S-l observations 
are shown in Fig. 2. The cloiul bases oliserxed on the 
downwind shore varied from KKK) to UitH) ft .\(il., 
during the morning hours. .\ pilot rejuirt over the 
western A.ichigan shoreline at the time of tlie KR'I’S 
image noleil t loud tops of 270t) ft .\(il... with clear skies 
above. The xerlical extent of the clouds was ajiparently 
limited l»\ tlie strong synoptic-scale inversion (Fig. .4). 
Though consideralile iiimulus cloud activity > was 
generated by the lake, there were no rejjorts of snow 
llurries by the Chicago radar or at any station in 
.Michigan. 

.\ closer ins|»eciion of Fig. 2 reveals numerous 
interc-sting phenomena, the most im]>ortant of which 
is the ap|>arent alteration of the cumulus clouds along 
the axis of the tnajor j)ollution plumes. The general 
I loud lover was largely restricted to the southern 
|«»rtion of the lake, perhaps a rellection of soaiewhat 
warmer water lemiMratures there. Kxixrience and 
theoretical indications suggest that the optimtim 
contrast between s?noke and underlxiiig water should 
occur around 0.6.5 gm, that is. within .MSS-band 5 
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(Lyons and Pease, 1973). In tins case, however, the 
turbidity of the water was so considerable thiit MSS- 
band 6 (0.7-0.8 juni) achieved slightly better plume/ 
water contrast. 

In Fig, 2, it is quite clear (especially in the original 
70-mm transparencies) that four clusters of industries 
form large combined jilumes that advect northeast- 
wards over the lake wliile diffusing. Along these plume 
axes, the following behavior was noted: 1) the clouds 
began forming closer to the shore, the first fragments 
appearing witliin 15 km of the plume sources; 2) the 
individual cloud elements forming the lines were larger 
and had higher reflectivities (and thus presumal)ly 
were thicker). No particular enhancement of tlie cloud 
streets is noted within plume 4. This plume, however, 
is from an isolated steel mill comple.x, which has very 
well-controlled particulate emissions and is smaller 
than those to the west. 

'I'he EMSU radiosonde sounding at Chicago (.MDW) 
at 06110 CST is shown in Fig. 3, A shallow (200 ni) 
isothermal layer at the surface is capped by a moist, 
stable layer which e.xtends to 910 mb. Surface winds 
during the moning ranged from 190° to 220° at 4- 7 m 
sec~', and veen d sharply with height to 240° at 12 m 
sec“' at 300 m. IJolh the orientation of the jjlunres and 
the author’s mmiercus prior observations of the plumes 
suggest that plume rise for most was adequate to cause 
them to stratify in the stable layer between 200 and 
500 m. 

There is relatively little horizontal didusion evident 
in these plumes, even after downwind fetches of over 
30 km. Only as the top of the convective mi.xing layer 
rising from the warm lake surface reached the plumes 
sliouid signiiicant diffusion begin to occur. At this 
distance, however, the cumulus clouds would have also 
begun to fomt and any horizontal spreading of the 
plumes would be di Hi cult to observe. 

There are several other features in this image tlial 
might be noted. Over central Lake Michigan, tliere 
exists a rather good e.xamplc of an o]]cn polygonal 
array of Rayleigh cellular convection (.'\gee d til., 
1973). These cells (1-3 km across) likely exist within a 
convecling layer of weak vertical shear in the horizontal 
wind. The clouds generally thicken towards the eastern 
shoreline, and the convection mode changes, possibl\- 
the result of increasing wind shear. Particularly in the 
Muskegon (.MK.G) area one notes that there is a rapid 
transformation from a cellular pattern to longitudinal- 
cloud banks within a few kilometers of landfall. Along 
this stretch of slioreline there are almost continuous 
bluffs and sand dunes 50 to 100 ni in height. Tliis 
apparent iniluence of orography upon cloud morphology 
has been noted on other ERTS images. 

5, Discussion and conclusions 

The ERTS observation showed that the cumulus 
cloud lines forming within the pollutant plumes began 


somewliat closer to the shore and were better developed 
than those presumably not affected by significant 
industrial diluent. Had synoptic conditions this day 
been more favorable for snow squall production, it does 
not seem unreasonable to speculate that precipitation 
within the affected cloud lines could have possibly 
l>een enhanced. Exactly wiiat caused this behavior, 
how'ever, is not discernable from an ERTS picture. 
Heat, moisture, ice nuclei, and cloud condensation 
nuclei are all candidates. I.soiating the specific cause(s) 
awaits further study. The simple fact is, a mere image 
is not adequate to determine what has caused the 
effect. In situ measurements of nuclei concentrations 
and cloud niicrophysical jiarameters in conjunction 
with such satellite imagery would provide a powerful 
research tool. 

What is exciting about the ER'I*S image is the 
fact that something indeed has been clearl}’ related 
to industrial activity. .A continued inspection of 
ER'l'^ images in the vicinity of Chicago (and also 
Cleveland, Buffalo, etc.) could very well prove ex- 
tremely enlightening. 

If downwind cloud modification from industrial 
activity does indeed occur frequently, it would a]jpear 
that any future attempts at management of Great 
Lakes water levels by opcr:ilional cloud seeding might 
run into some very "interesting,” or rather challenging, 
problems of verifying seeding effectiveness. Weickmann 
(1972) has already noted precipitation apparently 
caused b>- steel mill ellluems in the Buffalo area, co- 
incident with altempls at advertent cloud seeding of 
Lake snow squalls. 

.\n extensive radar-echo climatology for the southern 
basin of Lake Michigan during three summer .seasons 
(L>ons and Chandik, 1973) revealed slightly greater 
frequencies of thunderstorm-related precipitation over 
the lake northeast of tlary than in other quadrants. 
What is rather startling altout this finding is that the 
project set about to prove that lower echo frequencies 
should exist clue to the well-doaimented suppressive 
effects of the lake on certain warm season convective 
rain systems. Tliis tantalizing shred of evidence suggests 
perhaps that the.se same plumes act also as effective 
enhancers of warm season precipitation .systems to the 
extent lliat the lake effects arc more than cancelled 
out. 'I’hc "La Porte .Anomaly” could conceivably be 
part of a much larger area of urban precipitation 
enhancement northeast of Chicago-Gary, unrecognized 
at this time due to luck of precipitation data over the 
lake itself. 
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